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Abstract

Rocket propulsion driven by either thermonuclear fusion or
antiproton annihilation reactions is an attractive concept be-
cause of the large amount of energy released from a small
amount of fuel. Charged particles produced in both reactions
can be manipulated electromagnetically making high thrust/
high specific impulse (/sp) operation possible. A comparison of
the physics, engineering, and costs issues involved in using
these advanced nuclear fuels is presented. Because of the
unstable nature of the antiproton-proton (5p) reaction products,
annihilation energy must be converted to propulsive energy
quickly. Antimatter thermal rockets based on solid and liquid
fission core engine designs offer the potential for high thrust
(~1 0’ Ibf)/high I, (up to ~2000 s) operation and 6 month round
trip missions to Mars. The coupling of annihilation energy into
a high-temperature gaseous or plasma working fluid appears
more difficult, however, and requires the use of heavily shielded
superconducting coils and space radiators for dissipating unused
gamma ray power. By contrast, low-neutron-producing
advanced fusion fuels (Cat-DD or DHe?) produce mainly stable
hydrogen and helium reaction products which thermalize quickly
in the bulk plasma. The energetic plasma can be exhausted
directly at high I, (= 1055) or mixed with additional hydrogen
for thrust augmentation. Magnetic fusion rockets with specific
powers (ay,) in the range of 2.5to 10 kW/kg and [ in the range
of 20,000-50,000 s could enable round trip missions to Jupiter
in less than a year. Inertial fusion rockets with oy, > 100 kW/kg
and I, > 10°s could perform round trip missions to Pluto in less
than 2 years. On the basis of preliminary fuel cost and mission
analyses, fusion systems appear to outperform the antimatter
engines for difficult interplanetary missions.
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capable of generating large amounts of jet power (Pjer). Because
the thrust-to-engine weight ratio [F(kg)/My(kg) = 2000 oy,
(kW/kg)/ gg I, (s)] of a spacecraft is directly proportional to
the engine specific power (0, = Pje/My), large values of o, are
required to provide the acceleration levels necessary for rapid
transportation of cargo and personnel throughout the solar
system. An analysis of the yield from various energy sources
(Table 1) indicates that only the nuclear fuels (fission, fusion,
and synthetic antihydrogen fuels) can provide the power
requirements for tomorrow’s high-thrust/high-1, space drives.

For convenient interplanetary travel to become a reality,
propulsion systems capable of operating in the middle to upper
right portion of the Pje vs I plane (shown in Fig. 1) are
required. Classical chemical (C) propulsion systems (occupy-
ing the left-hand side of Fig. 1) have a high-specific power
capability [o, =1550kW/kg for the Space Shuttle main engine
(SSME)] but the power per unit mass of ejected matter is small
(i.e., these systems operate at low /g;) and great quantities of
propellant are needed to essentially push propellant around.
Electric propulsion (EP) systems use power from an onboard
nuclear power source to accelerate propellant to high-exhaust
velocities (/sp = 10°-10%*s). However, the added weight of the
power conversion and heat rejection systems and the efficiency
toll of multiple energy conversion processes result in a low-
specific power (~0.1 kW/kg) and restrict EP systems to low-
thrust operation. Their high payload mass fraction capability
can be exploited, however, for deep interplanetary or cargo
transport missions.

Direct thrust nuclear propulsion systems (based on increas-
ingly more sophisticated forms of nuclear energy conversion)
provide the means of accessing the high-thrust/high-/s, area of
parameter space. Solid core fission thermal rockets (SCR) use
the thermal energy released in the fission process to heat a
working fluid (typically hydrogen), which is then exhausted to
provide propulsive thrust. The SCR has a specific impulse
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A high-performance rocket system must operate with both a
high-specific impulse /s, and a low-mass powerplant (My)

yetdelivers thrust levels equivalent to those of chemical engines
(~10° 1bf). The performance of the SCR is limited, however, by
the melting temperature of the fuel, moderator, and core structural

*Work performed while author was with Aerojet Propulsion Research Institute, 1987.



Nuclear propulsion is currently receiving greater attention

/ W by both NASA and the U.S. Air Force. In Refs. 3 and 4, the Air
Force has identified the direct fission thermal rocket and the

antiproton annihilation engine (MAR) as systems worthy of
/ development. The interest in antimatter is attributed to the fact
IcF that it is a highly concentrated form of energy storage (see

Table 1). A milligram of antihydrogen H [consisting of an
antiproton p and a positron e* (an antielectron)] reacted totally
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Table 1 Yield from various energy sources

Reaction Energy release, Converted mass
Fuels products J/kg fraction
3 _ a
(E/mj = ac®) am My mf
o= —=
m, m.
4 i
Chemical:
Conventional: (LO2»/LH,) water, hydrogen, 1.35x107 1.5x10710
Exotics: atomic hydrogen, common hydrogen, 2.18x108 2.4x107°
metastable helium helium (He4) 4.77%x108 5.3x107°
Nuclear fission®:
U233, U, pu?® radioactive 8.2x10'3 9.1x107*
(—«200Mev/U235 fission) fission fragments,
neutrons, Y-Rays
Nuclear fusion®:
DT (0.4/0.6) helium, neutrons 3.38x10 3.75x107
Cat-DD(1.0) hydrogen, helium, 3.45x10M 3.84x107
neutrons
DHe? (0.4/0.6) hydrogen, helium 3.52x101* 3.9x1073
(some neutrons)
pB!! (0.1/0.9) helium 7.32x1013 8.1x107*
(thermonuclear
fission)
Matter plus antimatter?: Annihilation
radiation
pp (0.5/0.5) pions 9x1016 1.0
muons | Neutrinos
an
electrons
Y rays
positrons

3Am is the change in mass between reactants (m;) and products (my).

by233 Y235, pu23? are fissile isotopes of uranium and plutonium.

“Weight composition corresponds to a 50/50 fusion fuel mixture; Cat-DD is the catalyzed DD reaction
enhanced by burnup of reaction tritons (T) and helium-3 (He?) nuclei with deuterons (D) in situ; B'!

is the fusionable isotope of boron.
9proton and Antiproton indicated by p, p.

Considerations in the Use of Antiproton
and Fusion Fuels

The energy content, reactivity, portability, availability, and
practicality (in terms of charged particle output) are important
considerations in the preliminary design of possible antiproton
and fusion propulsion systems. A large energy yield perreaction
or per kilogram of fuel is valuable only if it can be effectively
used for propulsive thrust. Whereas antihydrogen fuel has a

specific energy (Ep) ~103 times that of fission and ~10? times
that of fusion, this parameter can be misleading when viewed
within the context of an actual propulsion system. For example,
the fission process (Esp ~8.2x1013 J/kg) has a theoretical
maximum specific impulse [/sp=(2 Esp/ g§)1/2] of ~1.25x%106s
(assuming all of the fissionable mass is available for thrust
generation). This is not the case in real reactor engine system,
however, where the energy liberated in the fission process
appears as heat in the reactor fuel rods. The core assembly is
maintained at temperatures compatible with structural



requirements by flowing liquid hydrogen through the reactor. In
the NERVA nuclear rocket engim:8 hydrogen temperatures of
~2500 K at the nozzle entrance led to /5, values of ~825 s.
[Unlike the solid fission core reactors, in a magnetic fusion
rocket engine the fusion fue] exits in a high-temperature plasma
state and plasma power can be extracted using a magnetic
diverter/nozzle configuration (discussed in Sec. III).] Whereas
the Ip of fission engines can be improved significantly by going
to a gaseous fission core system’, in the case of a solid core
engine, technology limitations effectively reduce the specific
energy of the fission fuel to ~3x10 J/kg - only a factor of ~2 better
than L.O,/ILHj. In addition to the constraints imposed on engine

design by the available technology, hardware requirements for
storage, extraction and injection of hard-to-handle cryogenic and/
or exotic fuel supplies can lead to excessive weight penalties (in
terms of refrigeration mass, complex electromagnetic containers
and transfer conduits, shielding, etc.) that may further degrade the
perceived benefits of the fuel source.

Fusion Fuels
Table 2 shows the energy release and the reaction products

associated with the various nuclear fuels. In the fission process
aheavy uranium nucleus such as Uis splitinto two fragments

Table 2 Released energy and products from various nuclear reactions

Typical fission :

235, 1
9V

Fusion :

2. .2 50%
1PHDT g

50%

N 2]-1«33 +0n1

137 97 1 -
+0n - 56Ba +36Kr +20n +AE (=200 MeV)

T3+1p1 + AE (=4.03MeV) proton branch

+ AE (3.27 MeV) neutron branch

D2+ T3 5 Hets gnl+ AE(=17.6 MeV)

D2+, He3 - ,He*+ pl+ AE(= 183 MeV)

6

D% > 22He4+21p1+20n1 (AE = 43.2 MeV) catalyzed—-DD

100% burnup of
T and He> with D

1p1+5B“ - 32He4+ AE (= 8.7 MeV) thermonuclear fission

pp Annihilation :

5+pomn® +nn’ £nn” + AE (=1213 MeV);m=n~16

0 84 as?

o » 27 (Ey =200 MeV)

+ 70 nsb +

b4 iy | +VH (muon neutrino)
o 70 ns n +V“

[
po 6_2_1"‘5. e +vy +V, (electron antineutrino)

—

p’ 6.2 us e++ve+V

e +et o2y (Ey =0511 MeV)

aAttosecond = 10718 5,
bNanosecond = 109 s.
“Microsecond = 10 s,






electrons and positrons can also annihilate yielding additional
energy in the form of two 0.511- MeV gamma rays. The neutrinos
are considered to be massless and move at essentially the speed of
light. They are extremely penetrating and rarely interact with
matter. Under vacuum conditions the various muon and electron
neutrino particle—antiparticle pairs carry off ~50% of the available
annihilation energy following a pp reaction.

The designer of antiproton propulsion systems, aware of this
annihilation history, must device reactor/rocket engine configu-
rations capable of 1) utilizing the tremendous energy content of
the pp reaction products and 2) effectively accessing that range
of exhaust velocities required for a particular mission. Because
each 1° meson decays almost immediately into two gamma
rays, the particles which must be dealt with for thrust generation
include 1) the high-energy charged pions (both the ™" meson
and its antiparticle, the #~ meson), 2) the generations of decay
charged particles which follow (muons, electrons, and positrons),
and 3) 200-MeV gamma rays. The charged particles can be
either exhausted directly at high I using a magnetic nozzle as
discussed by Morgan,!> or they can be trapped in a magnetic
container and their kinetic energy used to heat a working
propf:llantls'16 for lower I, operation.

To put the energy in the charged pions to use for direct
propulsive thrust, an axially diverging magnetic nozzle con-
figuration can be employed to convert the perpendicular energy
of the charged pions to directed energy along the nozzle axis. At
a kinetic energy of 250 MeV, the directed pions will exit the
nozzle at an exhaust velocity of v, = 0.94¢ (corresponding to
aly = 28.8x10° ). Assuming engine operation at the 100-1bf
thrust level, the corresponding jet power is Pje (= Fvey/2)
=62.7GW. Associating this power level with the charged pion
exhaust (~2/3 of the total generated annihilation power), one
finds that ~31.4 GW (~2.7x101° Ci) of 200-MeV gamma-ray
power is also being generated. Shielding sensitive spacecraft
components (such as crew, ship electronics, and both cryogenic
and superconducting coil systems for the magnetic nozzle)
against this level of radiation and dissipating the heat appears
impossible.

Depending on power level, the decay gamma energy can be
recovered for propulsive purposes using aregeneratively cooled
tungsten shield. Hydrogen flowing through channels in the
shield and exiting at the nozzle throat could provide cooling for
both components, as well as a source of hot hydrogen for thrust
augmentation. However, the exclusive reliance on this open-
cycle coolant mode deprives the antimatter rocket of one of its
operational advantages, namely, the wide range of interchange-
ability of thrust and specific impulse. Operational flexibility can
be maintained by employing a closed-cooling cycle space
radiator system (discussed in Sec. IIT) capable of responding to
thrust variations by varying the number of primary radiator
modules in use. With such a system, an adequate cooling level
is possible even during high /5, operation when the hydrogen
flow is reduced.

Specific impulse values more appropriate for interplanetary
travel (~5000- 20,000 s) should be possible by allowing the
charged pions to transfer their kinetic energy collisionally to a
working gas. The resulting exhaust would have nearly the same
energy content as the charged pion exhaust (assuming negli-
gible losses for dissociation and ionization) but would generate
increased levels of thrust due to the higher mass throughout. To
achieve collisional coupling, the slowing down or stopping time
of the charged pions in the working gas/plasma must be less than
the pions mean life time. If the charged pions or muons decay
before dissipating an appreciable percentage of their kinetic
energy into the host gas/plasma, an increasing portion of the
available annihilation energy will be lost in the form of unrecov-
erable neutrinos. This dissipation process is not trivial. As an
example, we consider an antimatter rocket with a hydrogen
working gas and a reaction chamber pressure and temperature
of 200 atm (1 atm = 1.013x10° newtons) and 3000 K (corre-
sponding to an I, ~1000s). At these conditions the density p of
H, is ~1.63x107> g/cm3. The corresponding range of a
250-MeV charged pionis ~47.1 g/cmzlp =290 m (Ref. 17) and
the stopping time (~AE,/SP-p-7)is ~0.3 s (~130 s at 2000 atm).
Here SP is the stopping power in MeV-cmzlg (Ref. 17),and ¥ is
the average velocity of the charged pion. These values are orders
of magnitude larger than the mean range and lifetime of the pion
in vacuum. As a result, magnetic fields will be required to
contain the energetic charged pions (and muons) within the
reaction chamber, and superconducting magnets (requiring
negligible recirculation power) will be a critical component of
the annihilation engine design. Finally, because the average
kinetic energy of a charged pion is roughly a factor of 20 larger
than that of the most energetic fusion reaction product (a
14.7-MeV proton from the DHe? reaction), the pion gyroradius,
given (in mks units) by

Fyyro (M) = (72 - l)llz[mnc/eB(T)] 0y

will be more than twice that of the proton for a given magnetic
field strength B. [The parameters c and e are the speed of light
and the electron charge (1 602x10710 ©), respectively.] To
ensure adequate containment in antimatter rocket engines, mag-
netic field strengths higher than those currently being contem-
plated for use in fusion reactors will be needed.

Fusion and Antiproton Propulsion
Concepts

Rocket propulsion driven by thermonuclear fusion or anti-
proton annihilation reactions is an attractive concept: a large
amount of energy can be released from arelatively small amount
of fuel, and the charged reaction products can be manipulated
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Figure 3.—Schematic of an advanced (spherical torus) tokamak reactor system.21

By, can be comparable to B, at the plasma outboard edge. Also,
because of the large poloidal current component of I,,, plasma
enhancement of the on-axis toroidal field (referred to as para-
magnetism)is significantin the ST (a factor of ~2 larger than the
vacuum field generated by the TF coils). Because of the ST’s
small aspect ratio, high-f operation is possible, however, stan-
dard inductive current startup techniques are difficult and effi-
cient noninductive current drive techniques are 1'equirt:d.20 A
cross section of the ST’s magnetic field structure yields a set of
nested poloidal magnetic field surfaces which exhibit toroidal
symmetry. It is on these surfaces that the circulating hot-plasma
particles are confined and across which they conduct heat and
collisionally diffuse. By injecting supplementary heating
(either as beams of energetic neutral atoms or as wave energy),
the plasma temperature can be increased to the point where the
plasma ignites, i.e., its reactivity is sufficiently high that the
power of the charged fusion reaction products (Pp) alone can
maintain the fusioning plasma temperature against losses associ-
ated with radiation [both bremsstrahlung (Pyrems) and synchroton
(Psyncn)] and transport mechanisms. Exhausting this transport
power Py for thrust generation and thermally converting the
radiation loss (which can also include neutron radiation) for
needed recirculation power are the key elements of a self-sustaining
magnetic fusion rocket (see Fig. 4).

Interrestrial power reactor designs of the ST burning DT fuel
only what is absolutely indispensable inboard of the plasma is
retained. This includes a first wall/vacuum chamber arrange-
ment and a normal center conductor that carries current to
produce the tokamak’s magnetic field. Other components, such
as the solenoidal and inboard neutron shielding, are eliminated.
The resulting devices have exceptionally small aspect ratios
(1.3 ~ A ~ 2.0) and, in appearance look much like a sphere with
a modest hole through the center, hence, the name spherical
torus.

The potential for neutronless fusion power generation made
possible through the use of spin-polarized DHe? has led to the
examination of a high field (B, ~ 10 T), superconducting version
of the ST for rocket applic:at:ion.21 The configuration is illus-
trated in Fig. 3 where we have speculated on the possibility of
using demountable SC/TF coil legs to improve access to the
internal torus and poloidal field coils. The central conductor is
assumed to use a high field/high current density (<10® A/m?)
superconductor employing an advanced vanadium—gallium alloy
(V3Ga) and an aluminum stabilizer for weight reduction.

For the spherical torus-based fusion rocket (STR) to operate
continuously and at high-power output, it will be necessary to
remove the nonfusionable thermalized charged particle ash
(protons and He* ions) from the plasma. The magnetic bundle
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can be exploited for rocket thrust.19

Here <n>=ny/(1 + §,), n, and 8, being the peak density on axis
and density-profile shape factor, respectively, and <P =
TJ/I(1 + 8, + dp/(1 + 3,)), 87 being the temperature profile
shape factor. Rewriting Eq. (2) in the following form:

2 _1n—21 -
ﬁenchoil =5pk<nT>=10""" <n> <T> (5)

and specifying <T> =50 keV, one finds that <n> = 8x102%/m>
(assuming flat profiles, i.e, 8, = 87=0) and P¢/V, =25 MW/m3
for a 50/50 DHe? mixture [Eq. 3]. Spin polarization of the DHe>
fuel can increase the power density by a factor of ~1.5, and
density, and temperature profile peaking (8, = 1, &7 =2) by an
additional factor of 2 yielding a final fusion power density of
~75 MW/m>, Assuming the same power level used in the STR
(Pg=7500 MW), the spheromak with its higher power density
requires a plasma volume (V), = 212 Aa®) of only ~100 m3 (as
compared to ~227 m? for the STR). Preliminary calculations
indicate that the overall spacecraft weight can be reduced by a
factor of ~2.

10

The higher toroidal field [B, (R,) = 20 T] in the A = 2
spheromak case considered here leads to an increase in the
synchrotron radiation power output (o< B,2 nT) but adecrease in
the bremsstrahlung output (e< n? T'2) because of the smaller
plasma volume. With ~5500 MW available for jet power
(assuming Pje; = Py), the specific power is estimated to be
o, ~10.5 kW/kg.

Lastly, the spheromak reactor will need very efficient current
drive (about several amps per watt of sustaining current drive
power) due to the large toroidal and poloidal currents in the
device, ~70 and 270 MA, respectively. It is possible that
preferential biasing of in situ synchrotron radiation?* and the
bootstrap effect caused by radial diffusion?’ can drive all or a
substantial portion of the required currents in the spheromak
during steady-state operation. Without an effective means to
sustain the internal currents, the magnetic fields will decay
providing resistive plasma heating on a magnetic diffusion time
scale given by

(s) = 10{a(m))? [T(keV)>/ 2 ©6)

Tmag
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corresponding Isp for the fission LCR is ~1300-1500 s for the
same conditions. Over this /_ range the F/My, ratio is estimated
to be ~2-10.33 The limits on the fission LCR are attributed to
increased vaporization of the nuclear fuel with increasing tem-
perature and its subsequent entrainment in the hydrogen propel-
lant which decreases the effective I . One can assume similar
difficulties with the antimatter LCR as the boiling-point tem-
perature of tungsten is approached. However, with a F/My, ~2
and an /_ of ~2000 s, the specific power is quite attractive at
~190 kWp/kg vs ~145 kW/kg for the fission LCR with the same

our application the magnet dimension is ~1/2 that of MFTF (at
1.5m)butB_, =15T.Usinganaluminum stabilizer (~2.7 t/m3)
and vanadium-gallium (V; Ga) superconductor (~6.1 t/m3) with
a 70% packing fraction (the remaining 30% of the coil cross
sectional area containing coolant and structure), the coil weight
is estimated to be ~70 t. Together with the radiator mass
(estimated at 87 t for 7, ; = 1500 K), the total engine weight is
~182 t. This results in a F/My, ratio of ~2.5%1072 and a specific
power of ~5.9 kW/kg, a factor of 2.5 lower than that of the

fission GCR.
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simplicity that the specific impulse of a hydrogen plasma rocket
is given by

—
13T, 172

I =— [—H ~173x10%[1 V)] a3
go\J My

then / m the range of 5,000-15,000 s should be possible with
plasma exhausttemperaturesof ~10-50eV (1eV=1. 16x10% K).
From Eq. (2) the maximum plasma density that can be confined
will depend on the available magnetic field strength and the B
capability of the particular confinement concept. Assuming =
50% and B = 15 T, the achievable densities are

19
18

for Te =10eV

-3 1.5x10
n (cm ") =
for T, = 50 eV

€ 30x10

The ability to sustain the preceding plasma characteristics
using an antiproton heating source can be determined using a
simple plasma power balance

23Ppya 1V, = {Pion +P 4P+

Pe bV, (14)
which neglects the gamma power component. The sink terms on
the right refer to losses due to ionization of cold hydrogen gas,
charge exchange of cold neutrals with warm ions, various
radiation mechanisms and collisional diffusion processes.

At sufficiently high-ionization levels (which exist for T, >
10 eV) the neutral hydrogen density is low and ionization and
charge exchange losses can be neglected to first order. Impurity
radiation losses can also be ignored if one assumes a pure
hydrogen plasma. Under these conditions bremsstrahlung
radiation will be the primary nondiffusive energy loss mecha-
nism. Bremsstrahlung (or braking) radiation is emitted when
rapidly moving charged particles—mainly electrons—undergo a
sudden deflection as a result of a near collision with a plasma
ion. For a pure hydrogen plasma the bremmstrahlung power loss
per unit volume is given by38

PbLemS! MW,J 535x10_43[n (m"3)] [T, (ke V)] as

the plasma to reabsorb the emitted photons. The approximate
mean free path for a bremsstrahlung photon in a hydrogen
plasma is given by39

A(cm)=10%8 [re(keV)]3'5 / [ne(cm'3 )]2 (16)

Equation (16) assumes that the photon frequency v is given
by hv = kT, where h is Planck’s constant (= 6. 626x10734 ¥s).
AtT,=10€V andn,=1.5x10" cm™3, A = 4.5 m. This distance
increase to ~30 km for T,=50eVandn, = 3x108 em™3. It is
only at very low temperatures (<5eV)that adequate reabsorption
occurs (e.g., A=2cmforT,=2eVandn, = 1.5x10'% cm3).
The need to prevent excessive bremmstrahlung emissions
through low-temperature operation leads to performance char-
acteristics for the plasma rocket which are roughly equivalent to
those found in the gas and liquid core versions of the antimatter
rocket described earlier.

Even assuming that adequate reabsorption can occur at higher
temperatures it is difficult for relativistic charged particles to
slow down via plasma collisional effects. Consider a relativistic
test particle with velocity V. slowing down in a maxwellian
plasma consisting of electrons and ions having thermal veloci-
ties Vi, and Vyi- In the limiting case of V>V, >> VT,, the
slowing down time is given (in cgs units w1th TineV) by

243

4‘n:nee2q%(2 +mT /mg)lnA

Tg(s)=

where myand m,, are the masses of the test particle and electron,
respectively, g is the charge of the test particle, and & A is the
coulomb logarithm. For relativistic particles slowing is mainly
due to scattering off of electrons. The slowing down time is also
longer for heavier test particles implying that a charged pion (m,,
= 273.5m,) will take longer to slow down than a muon (mu =
206.5m,,). For an average pion kmeuc energy of 250 MeV, Vr

=V, —0(72 D)2y = 93.3%c, ¢;° = e mp = 2. 492><10-25g
and In A <5 (assuming n, = 1. 5%10!° cm~ and T,=10¢eV),

resulting in an average slowmg down time of ~ 100 Ms (almost
1500 times longer than the pion’s relativistic lifetime of ~70 ns).
Under such conditions the pions would decay into muons
coupling little of thexr enetgy into the plasma. The muons, in turn,

2 13 [y

e




< V., T _is given by®

For fusion plasmas with Vo, < Vo< Vo, T,

m
221 21,1
| % m;

41tnee qT{—3
m
1+—L | —&
m, 24T,

Both the electrons and ions contribute to slowing in a fusion
plasma and a colder plasma can slow the test particles more
quickly. For example, a 14.7 MeV proton (Z = 1) produced in a
DHe? plasma operating at n, 7.5x10'* cm’3,
T,=50keV,andIn A= 17.5 would slow down in~525ms. This
is less than the characteristic energy confinement time of
approximately several seconds which exists for most magnetic
fusion reactors.

The preceding results indicate that stable fusion products are
more effective in coupling their reaction energy into the bulk
plasma than are the unstable pions and muons. Because of the
poor coupling in an antimatter plasma rocket ~50% of annihila-
tion energy could be lost in neutrinos. The 33% of the annihila-
tion energy that appears as gamma power must be either
dissipated via a heat rejection system (at the cost of additional
spacecraft weight) or recovered regeneratively.

Some recovery seems prudent from an economics standpoint
since an 18% conversion factor will require a factor of 5 increase
in the amount of antihydrogen required for a given operating
power level.

_ .2
‘l:s(s)—mT

+

3\4‘" T

Mission Performance Characteristics

Traditionally propulsion systems have been characterized as
either high-thrust/ specific impulse-limited systems (such as
chemical and nuclear fission rockets) or low-thrust/power-
limited-systems (such as fission electric rockets). The antimat-
ter systems we have discussed fit into the first category having
flight profiles characterized by short burning periods separated
by long coast periods. The fusion systems, however, provide a
unique third category of engine capable of high thrust/high Isp
operation and fast interplanetary travel.

Antimatter Systems

In assessing the performance potential of the antimatter
systems we have selected round-trip travel to Mars as the
candidate mission. Simple estimates of the total velocity im-
pulse (AV) for such a mission has been provided by Irving and
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Figure 12.—Total velocity impulse required for round trip
ballistic travel to Mar.41

Blum*! as a function of the round-trip travel time in months (see
Fig. 12). The four separate velocity increments, AV, AV,, AV,,
AV,, are those required for Earth escape, Mars capture, Mars
escape, and Earth capture, respectively. By using the equations
describing the system mass ratio (R, = M/Mf= explAVig, Isp];
i and f denoting the initial and final mass of the spacecraft) and
jetpower (Pjet =12 m P lg, Isp]z), the total engine burn time {#(s)
= MP (kg)/ m P (kg/s)] can be expressed (in mks units) in the
following form:

2 ,2
8 Is

p
(M + M L)(exp[AV/golsp] - 1)
jet
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The parameter M; (=My,+ M; + Mp= Mf+ Mp) is the initial
spacecraft mass in Earth orbit and is composed of a propulsion
system mass My, a payload mass M, , and a propellant mass M p.
The dry mass of the spacecraft is denoted by Mf,

A 6 month quick trip (AV = 30.5 km/s) and a 1 year round-
trip mission (AV = 7.6 km/s) to Mars have been selected as the
candidate missions. Using Eq. (19) and its supporting equations,



the system mass ratio, total engine burntime, and total propel-
lant requirements have been estimated. The antiproton and
uranium fuel inventories required for the mission have also been
calculated along with an estimated fuel cost based on 5 M$/mg
for antihydrogen5 and ~ 50 k$/kg for enriched uranium. A
summary of the performance characteristics for solid, liquid,
and gaseous core antimatter systems, and their fission analogs,
is found in Table 3. The solid and liquid core systems assume a
thurst level of 10° Ibf (~4.45><105N) and the GCR systems a
value 1/10th of that at 10* Ibf (~4.45x10°N). The 6-month Mars
mission is difficult for both the p and U233 versions of the
NERVA engine. It requires large propellant loadings and sub-
stantial quantities of antihydrogen at significant cost. Payload
delivery costs to low Earth orbit dominate total mission costs,
however, and amount to ~$5.6 billion (5.6 B$) and ~10.4 B$ for
the pand U3 systems, respectively, assuming a Saturn V-class
launch vehicle with launch costs of ~$3300/kg (~$1500/Ibm).

For the fission option the uranium fuel costs are low, requiring
aninvestment of ~$12 million (M$) for the engine’s critical fuel
mass (M) estimated at ~0.1 kg per megawatt of reactor power
output (P_ = Pjet/nj)'

The 582 mg of antihydrogen required for the Mars quick trip
by the p NERVA concept can be reduced by optimizing the
system specific impulse for minimum antihydrogen usage.42
Minimum use is achieved when ISp =0.63AV/g = 1960 s. The
antimatter LCR concept operates near optimum conditions and
could potentially perform the 6-month Mars mission with an
initial mass in Earth orbit (IMEQ) of ~474 t. The fission version
of the LCR limited to an ISp of ~1500 s due to enhanced fuel
vaporization has a higher IMEO (~795 t). The F/My, was
specified at ~3.2 for the LCR systems (half the value in the p
NERVA system) because of the need for a thick external
moderator/reflector necessary to ensure neutron economy in
the fission system. The radiator-cooled gas core fission rocket

Table 3 Summary of antimatter and fission engine performance

AV.km/s Ry 1. h M

t My ., mg/kg  Launch/Fuel costs

p!
PNERVA: Py, = 2386 MW, I, = 11005, 7ir = 41 ke/s, vy 15 fgs, My + M, = 1001
30.5 16.9 10.8 1590 582 5.6B$/2.9B$
7.6 2.02 0.69 102 37 0.7B$/02B$
NERVA: Py, = 1963 MW, I, =900s, rir = 50.4 ke/s, M, = My kg, My, + My = 100t
30.5 317 169 3066 222 10.4B/S 11.7 M$
7.6 237 076 1379 222 0.8 B$/11.7 M$

PLCR: Pig, = 4362 MW, I, = 20005, rir = 22.7 ks, 1= 26.1 pgs, My + M, = 100t

305
7.6

458
0.58

4.74
1.47

Fission LCR: cht

374
474

430
54.5

1.6 B$/2.2 B$
0.5 B$/0.3 B$

= 3267 MW, 1sp =1500s, m_=302kg/s, M, =4 M_, kg,

My, + M, =100 ¢

695
68.5

30.5
7.6

6.39
0.63

795
1.68

1400
1400

2.6 B$/70 M$
0.6 B$/70 M$

pGCR: Pjet = 1080 MW, 1sp =5000s, m_=0.9kg/s, 'hl—’= 22.5 pgfs,
My +M; =282t

243
48.0

30.5
7.6

75.0
14.8

6075
1199

1.86
1.17

1.7 B$/30.4 B$
1.1 B$/6.0 B$

Fission GCR: cht =

1080 MW, I,, = 5000s, s = 0.9 kg/s, M, = 7it, 1, + 100 kg,
My + M, =170t

146
29.0

30.5
7.6

45.2
8.94

1.86
1.17

830
245

1.0 B$/41.5 M$
0.7 B$/12.3 M$
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offers the best performance of all the p and fission systems
examined. Because the GCR engine featured here is an open
cycle design,3? a quantity of U? fuel (m,/ m,~ 0.5%) is
exhausted from the engine along with the hydrogen propellant.
Added to this amount of lost U*>> are four critical core loadings
(each at ~25 kg) required for the four major propulsion maneu-
vers. The p GCR suffers from very high-fuel costs attributed to
the larger engine weight (~182 t vs 70t for fission GCR) and the
poorer coupling of the annihilation products to the working
fluid.

Fusion Systems

High-power fusion rockets possess the best attributes of both
fission thermal engines (prolonged operation at relatively high
thrust) and the fission-powered electric propulsion systems
(high Ip). It is envisioned that the fusion spacecraft would
depart from and return to geosynchronous Earth orbit (GEO). In
traveling between planetary bodies, the sun is considered to be
the only source of gravitational force. Because the initial accel-
eration levels for the fusion systems examined here range from
~3-5x1073 g, (mg,) (compared to the sun’s gravitational pull of
~0.6 (mg_) straight line trajectories can be assumed. To illus-
trate the performance potential for the fusion systems we have
considered one-way and round-trip continuous burn accelera-
tion/deceleration trajectory profiles which assume constant Isp,
F,and P, operation. The equations describing the transit times
for the outbound and return legs of a journey from A to B (and
back again) along with the distances traveled are given by21

I,(s)
T4p(8) = ;"—/Wf (%](i - 1) (20)

Tpals) ispﬂ l—l ¥3))
BA FW, \ B
TRT(S)=TAB”BA=ISP_(S)( : -1] (22)
F/W, off
2 2
g0 15,6)( 1 ( 1 )

D =2 | _l—-1| =D 23
45(M) F/Wf B\ Vo BA (23)
2 2

I (s)
DBA(m)=£.LL[L—lJ (24)
Fwe B

where W,= M,g_is the dry weight, 1/a =M, /Mg (Mg = Mf+
M },3 A M ,? Abeing the propellant used in traveling from B to
A), 1= Mg/M,, and Ry, = 1/(aP). By specifying a particular
planetary mission and its distance from Earth (1 astronomical
unit (AU) = 1.495x10'! m), Egs. (23) and (24) can be used to
determine 1/oc and 1/B and their product, the spacecraft mass
ratio. By knowing the mass of the thrust producing system (My,)
and specifying a payload mass (M) the IMEO, propellant
requirements, and trip times can be calculated. Assuming a
planetary refueling capability, Egs. (21) and (24) can also be
used to calculate one-way results. In this case R,, = 1/B.

The performance characteristics for a spherical torus,
spheromak and inertial fusion rocket are summarized in
Tables 4—6. Table 4 indicates that with planetary refueling
possible, the STR can journey to Mars in ~34 days. The IMEO

Table 4 Spherical torus fusion rocket performance

STR characteristics

Polarized DHe?, Iy, = 20 ks, rit ;= 0.308 kg/s, o = 5.75 kWrkg, My = 1033 t, My = 200

One-way continuous burn/constant 1sp trajectory profile:

Mission* D, AU Ry, Myt Myt M/M,% 7apdays a,107g,
Mars 0524 1732 2135 902 94 339 ~2.9
Ceres 1.767 2497 3079 1846 6.5 69.4 20
Jupiter 4203 3590 4427 3194 45 120.0 ~14
Round-trip trajectory results:
Mission® Ry (=laB) MPE ME4 M} M, ws  tea e
Mars 2.664 1149 902 2051 3284 432 339 771
Ceres 4,667 2675 1846 4521 5754 1005 694 169.9
Jupiter 7.783 5169 3194 8363 9596 1943 1200 3143

2Closest approach distances to Earth.
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Table 5 Spheromak fusion rocket performance
SFR characteristics

Polarized DHe?, I, = 50 ks, = 4.95x1072 kgfs, o = 11.5 kW/kg, My =515,
M; =200t

Round-trip continuous burn/constant lsp trajectory profile:

Mission® Dyp, AU Ry M; ¢t Mp, t ML/AI,‘, %b TAB> days TRT> days
Mars 0.524 1.465 1047 332 19.1 40.6 77.6
(1.222) (872) (157) (23.0) (36.7) -—-
Ceres 1.767 1923 1375 660 14.5 832 154.0
Jupiter 4203 2.55 1823 1108 11.0 114.4 258.7

3Closest approach distance to Earth.
PFor outbound leg of journey.

Table 6 Inertial Fusion Rocket Performance
IFR characteristics

Cat-DD, I = 270 ks, rhp= 0.015 kgfs, o, = 110 kW/kg, My =486 t, M =200t

Round-trip continuous burn/constant Iﬁp trajectory profile:

Mission® Dap, AU Ry (= 1/of) M;t MA7At My /M;, %° 145 days 1er, days

Mars 0.524 1.104 757.3 71.3 26.4 217 55.0
Ceres 1.767 1.196 8205 1345 244 53.1 103.7
Jupiter 4.203 1.309 898 2120 223 84.6 163.6
Saturn 8.539 1.453 997 311.0 20.1 125.5 239.8
Uranus  18.182 1.689 1159 473.0 17.3 194.1 364.7
Neptune 29.058 1.901 1304 618.0 15.3 2573 476.9
Pluto 38.518 2.063 1415 729.0 14.1 306.6 562.7

2Closest approach distances to Earth.
YFor outbound leg of journey.

is 2135 t of which ~42% is propellant, 9.4% is payload and 48%
is engine. The initial acceleration level is ~3 mg  which is 5
times the value of the sun’s gravitational pull at Earth. Jupiter
can also be reached in ~4 months with a propellant loading of
~3200 t. Without a planetary refueling capability, the spacecraft
must carry along sufficient propellant for the return trip. This
requirement increases the overall IMEO and mission duration.
The spheromak being lighter can operate at reduced propellant
flow rates and higher specific impulse and still maintain initial
acceleration levels of several milligees. With the SFR round-
trip missions to Jupiter of ~8.5 months are possible with an
IMEO ~1823 t and with a payload mass fraction of over 10%.
(In all of the results shown, it is assumed that an equivalent
amount of payload is returned.) The SFR can also perform one-
way missions to Mars in ~37 days with initial mass requirements
under 875 t (results shown in parentheses).
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The STR and SFR results assumed the use of spin polarized
DHe? in order to eliminate neutron radiation and obtain a lighter
spacecraft. If the benefits of spin polarized DHe? are not achiev-
able, magnetic fusion engines can still burn deuterium but at the
expense of increased mass. By exploiting the high repetition rate
and target gain possibilities of inertial confinement fusion, the IFR
can not only burn abundant deuterium fuel efficiently, butitcando
so with a relatively lightweight engine system (<500 t) (see
Table 6). And whereas MCF rockets can reach out into the solar
system by employing planetary refueling, the IFR can perform
round-trip missions to Pluto (carrying a 200 t payload) in ~18.5
months (no refueling required). The IMEO would be 1415 t with
propellant and payload mass fractions of ~52% and ~14%, respec-
tively. We know of no other advanced propulsion concept with this
capability. Tritium would be bred onboard the spacecraft to
facilitate ignition of the DD fuel pellets and the deuterium fuel load



which comprises ~10% of the propellant inventory would cost
~73 MS$ at current prices of ~$10°/kg.

Conclusions

The purpose of this chapter has been to compare various
antimatter and fusion rocket concepts in an effort to obtain a
clearer understanding of the advantages and disadvantages
associated with each system. The areas examined have included
fuel cycle characteristics, physics and technology requirements,
mission performance capability, and fuel cost and availability
issues. A number of subject areas have not been addressed.
These include the antiproton reactivity issue at elevated tem-
peratures, methods for injecting antiprotons into high-pressure
gas/plasma reaction chambers, the effect of pion-nucleon col-
lisions on slowing down, and the assumption of lightweight
systems for the storage, extraction, and injection of antiprotons.
All of these issues are expected to be important in the realization
of a working anitmatter system.

On the basis of preliminary results obtained thus far, antimat-
ter thermal rockets utilizing solid and liquid fission core reactor
concepts offer the potential for high-thrust (~-4.5><105 N)/high
1Sp (up to ~2000 s) operation. The antimatter liquid core engine
is capable of 6-month round-trip missions to Mars with IMEO
<500 t and a system mass ratio of ~4.75 close to the optimum
value of 4.9 obtained for minimum antihydrogen usage. The
fuel costs are still large, however, because of the substantial
IMEO requirements for the Mars mission. Furthermore, the p
LCR is outperformed by the radiator-cooled, fission GCR in
terms of IMEQ, launch and fuel costs which brings into question
the rationale for developing the more complex p system.

The coupling of the annihilation energy contained in the
relativistic charged particles appears more difficult in high-
temperature gaseous or plasma working fluids. Because high-
field (>10 T) superconducting coils will be needed to improve
energy coupling, they must be heavily shielded to minimize the
power and mass requirements of the refrigeration system. In
addition to a substantial radiation shield and magnet mass, an
antimatter gas core design would require a large space radiator
to dissipate unwanted gamma-ray power. Regenerative cooling
of the shield/pressure vessel configuration requires a significant
propellant flow rate into the cavity due to the large gamma
power component. This quickly overwhelms the high ISp
feature of the gaseous core concept.

By contrast, fusion rocket engines burning the advanced
fusion fuels Cat-DD or DHe? produce mainly stable hydrogen
and helium reaction products which quickly thermalize in the
bulk plasma. The bremsstrahlung power loss, which is emitted
primarily in the soft x-ray photon range, can also be readily
handled in a lightweight shield/blanket configuration and used
to generate recirculating power for the system. The energetic
particles which collisionally diffuse out of the plasma can be
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exhausted directly at high Isp (<105 s) or mixed with additional
hydrogen for thrust augmentation. Magnetic fusion engines
with specific powers in the range of 2.5-10 kW/kg and I, of
20,000-50,000 s could enable round-trip missions to Jupiter in
less than a year. Inertial fusion rockets with o,> 100 kW/kg and
Isp > 10° s offer outstandingly good performance over a wide
range of interplanetary destinations and round-trip times. Even
Pluto is accessible with round-trip travel times of less than
2 years. Finally, whereas synthetic antihydrogen must be manu-
factured, stable fusion fuels are found in abundance throughout
the solar system (particularly the outer gas planets). Fusion
rockets employing planetary refueling at selected locations
(e.g., Mars, Callisto, and Titan) could open up the entire solar
system to human exploration and colonization.
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